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Intermediate host species provide a crucial link in the emergence of zoonotic infectious diseases, serving
as a population where an emerging pathogen can mutate to become human-transmissible. Identifying
such species is thus a key component of predicting and possibly mitigating future epidemics. Despite this
importance, intermediate host species have not been investigated in much detail, and have generally only
been identified by testing for the presence of pathogens in multiple candidate species. In this paper, we
present a mathematical model able to identify likely intermediate host species for emerging zoonoses
based on ecological data for the candidates and epidemiological data for the pathogen. Since coron-
aviruses frequently emerge through intermediate host species and, at the time of writing, pose an urgent
pandemic threat, we apply the model to the three emerging coronaviruses of the twenty-first century,
accurately predicting palm civets as intermediate hosts for SARS-CoV-1 and dromedary camels as inter-
mediate hosts for MERS. Further, we suggest mink, pangolins, and ferrets as intermediate host species for
SARS-CoV-2. With the capacity to evaluate intermediate host likelihood among different species,
researchers can focus testing for possible infection sources and interventions more effectively.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Zoonotic disease emergence has proven a significant threat to
global health, and yet little is known about the process by which
novel pathogens emerge. Zoonotic pathogens circulate in and have
adapted to an animal species, the reservoir host, and are some-
times transmitted to other animal species to which they are less
well-adapted, usually causing more severe illness. Such intermedi-
ate host species, generally a domestic or human-adjacent popula-
tion, provide a meeting ground where evolutionary pressure and
higher exposure to humans can cause a pathogen to mutate from
one adapted to its reservoir host to a more human-transmissible
form (Neumann et al., 2009). Coronaviruses, responsible for three
spillover epidemics in humans in the 21st century, routinely
emerge from their natural reservoir through intermediate host
species (Corman et al., 2018), and the current pandemic provides
an urgent example of the need to understand their evolution.

Bats are widely accepted as the reservoir hosts for the coron-
avirus family (Cui et al., 2019): coronaviruses cluster according
to bat genus, and genus Rhinopolus carries coronaviruses known
to use human ACE2, the receptor protein for both SARS-CoVs
(Fan et al., 2019; Hu et al., 2017; Liu et al., 2020c). In addition,
SARS-CoV-2 has been shown to replicate in bat intestinal epithelial
cells (Zhou et al., 2020). However, while bats harbor an impressive
diversity of coronaviruses and are a likely reservoir host for all
three epidemic coronaviruses (Liu et al., 2020c), intermediate host
species form a key link in the emergence of each human pathogen.
Intermediate hosts are a crucial factor in the emergence of all three
coronaviruses, which can adapt to different host species with ease
due to their high mutation rate, large genome size, and high
recombination rates during mixed infections of a single host (Li
et al., 2006; Bolles et al., 2011). SARS-CoV-1 emerged into the
human population through palm civets, P. larvata (Cui et al.,
2019); although research has cast doubt on whether palm civets
were a true intermediate host or merely infected by secondary
transmission from initial human cases, the civet population formed
a key link in the amplification of SARS-CoV-1 in humans and a
resource for it to persist outside humans (Bolles et al., 2011). On
the other hand, MERS required the presence of an intermediate
host species, in this case dromedary camels (C. dromedarius), to
adapt to humans, since its R0 in humans is lower than the threshold
of 1 needed to cause an epidemic (Reusken et al., 2013; Breban
et al., 2013; Dudas et al., 2018). The diversity of MERS in human
populations was probably due to multiple independent spillover
events from camels, rather than viral mutation during
human-to–human transmission, showing the importance of an
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Table 1
The ODE systems of the intermediate host model, edited to include two distinct
pathogen strains spreading among intermediate hosts. The model simulates a
pathogen spreading between susceptible (S), infected (I), and recovered (R) individ-
uals in a reservoir, intermediate, and human population, indicated by the subscripts r,
i, or h. We simulate the pathogen mutating to a human-transmissible form, resulting
in a class Ti of infected intermediate hosts who can transmit the disease to humans.

Reservoir dSr=dt ¼ br � brSr Ir �mrSr
dIr=dt ¼ brSr Ir � cr Ir �mrIr
dRr=dt ¼ cr Ir �mrRr

Intermediate dSi=dt ¼ bi � biwSiIi � tiSiIr � bimSiTi �miSi
dIi=dt ¼ biwSiIi þ tiSiIr � lIi � ciwIi �miIi
dTi=dt ¼ lIi þ bimSiTi � cimTi �miTi

dRi=dt ¼ ciwIi þ cimTi �miRi

Humans dSh=dt ¼ bh � bhShIh � thShTi �mhSh
dIh=dt ¼ bhShIh þ thShTi � chIh �mhIh
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intermediate host species in the epidemiology of MERS (Reusken
et al., 2013; Dudas et al., 2018). SARS-CoV-1 also seems to have
persisted in palm civets, rather than its true reservoir host,
between its spillovers in 2003 and 2004 (Shi and Hu, 2008). Inter-
mediate host species did not show signs of obvious disease even
when they tested positive for SARS-CoV-1 (Guan et al., 2003), sup-
porting the theory that mutation in intermediate hosts is driven by
adaptation to that species and thus that such hosts play a crucial
role in emergence of human-transmissible pathogens. Active ani-
mal markets have been linked to the emergence of all three epi-
demic coronaviruses, showing the importance of intermediate
host species in the amplification, recombination, and transmission
of each pathogen (Liu et al., 2020c). It is therefore important to
identify possible intermediate host species quickly and accurately
to support efforts in controlling outbreaks.

While currently the forefront of public health efforts, coron-
aviruses are not the only zoonoses which emerge through interme-
diate hosts; indeed, this mode of emergence may be the norm for
animal-derived diseases (Cunningham et al., 2017). In this paper,
we present a model which ranks potential intermediate host spe-
cies for any given pathogen, given genus-level information about
the reservoir host and ecological observations for potential inter-
mediate host species, and use epidemiological data in humans to
validate the model in the case of SARS-CoV-1 and MERS. Fewmath-
ematical models capture the behavior of emerging infectious dis-
eases through the entire course of their evolution, despite the
demonstrated importance of this method of pathogen emergence
and the predictive capacity of such models (Lloyd-Smith et al.,
2015; Allen et al., 2012). Building on a preexisting mathematical
model for the emergence of infectious zoonoses through an inter-
mediate host (Royce and Fu, 2020), we have linked the spread of
disease from the reservoir species, through the intermediate host
population, and into humans to factors specific to a particular
intermediate species, allowing us to compare the severity of out-
breaks that result from pathogen evolution through different inter-
mediate host species. We classify intermediate host species based
on six parameters: their biological similarity to, contact with, and
transmission risk among both humans and the reservoir host. The
major innovation introduced here is the ability to predict interme-
diate host species, by making the interspecies transmission param-
eters functions of intermediate-host-specific qualities, such as
pathogen-receptor compatibility and observed rates of contact
with humans and reservoir hosts.

Applying the model to the outbreaks of epidemic coronaviruses,
we find that it accurately identifies palm civets as the intermediate
host of SARS-CoV-1 in 2003 and dromedary camels as the interme-
diate host of MERS-CoV in 2012. While researchers have suggested
multiple candidates for the intermediate host of SARS-CoV-2, these
attempts are inconclusive and the subject of current debate (Xu
et al., 2020; Yuan et al., 2020; Liu et al., 2020c); we therefore apply
the model to the current pandemic to identify mink, pangolins, and
ferrets as the most likely intermediate hosts of SARS-CoV-2. While
we have focused on coronaviruses, this model can be used to pre-
dict intermediate host species for any zoonotic pathogen given
data on the reservoir species and the interactions between poten-
tial intermediate hosts and other populations. As such, it provides a
more rigorous and less costly way to identify intermediate host
species than sampling animal populations, and can focus research
into emergence processes more efficiently. Emerging and endemic
zoonoses are, in general, under-studied, and many such pathogens
could be explored using the model presented here to provide valu-
able understanding where lab and field resourdes are limited. This
findings can help prioritize research into the origins of the current
pandemic, and provide a mathematical framework for investiga-
tion of intermediate host species of many important pathogens.
2

2. Methods

We have modified the introductory intermediate host model
presented by Royce and Fu (2020) to better model epidemic spread
based on factors intrinsic to the intermediate host species. The full
list of ten differential equations, grouped into three linked SIR
models, is reproduced for convenience in Tables 1,2, and a full jus-
tification of the system can be found in the original paper (Royce
and Fu, 2020). This earlier analysis computes the global R0 of the
pathogen as the maximum of each species R0 using a next-
generation matrix, and introduces a quantitative tool for analyzing
transmission dynamics that include intermediate host species.

Firstly, where the original model did not distinguish between
disease dynamics of the two strains, the wild and human-
transmissible strains of the pathogens now have different trans-
mission rates (biw and bim) in the intermediate host species, better
representing a pathogen evolving to fit a new host species over the
course of an outbreak. Further, our modified framework specifies
the transmission parameters involving pathogen evolution as it
progresses through species-transmission rates biw and bim for both
strains of the pathogen in the intermediate host species and
humans, the spillover rates ti and th between species, and the
mutation rate l of the pathogen to a human-transmissible form-
as functions of intermediate host species-specific parameters.
Together, these changes make the model responsive to qualities
unique to a given intermediate host species: where the original
model did not have the capacity to include intermediate host spe-
cies characteristics, this revision links global disease dynamics to
the pathogen’s progress through the intermediate host, enabling
the comparison of different potential host species.

We define the intermediate host species parameters (Table 3)
based on the biological, ecological, and behavioral factors govern-
ing possible pathogen transmission between the candidate inter-
mediate host and the reservoir species or humans, resulting in
six parameters specific to the intermediate host species. These
parameters investigate pathogen transmission from a reservoir
species, here assumed to be Rhinopolus bats, or to humans, and
thus only consider factors pertinent to the particular context of
intermediate host interactions with that species. For example, to
calculate the risk of transmission to humans, qh, for a species such
as palm civets in the context of SARS, we consider civets to be pri-
marily farmed for fur and thus a typical human-civet interaction to
involve a high risk of blood exchange, even though the typical
human may never interact with a civet other than through
binoculars.

When applying our methods to the coronaviruses under consid-
eration, we assume horseshoe bats (R. sinicus) are the reservoir
host, since this species is known to harbor SARS-CoV-1 (Xu et al.,
dRh=dt ¼ chIh �mhRh



Table 2
Parameter definitions.

Sx susceptible individuals of species x
Ix infected individuals of species x
Ti intermediate hosts infected with human-transmissible strain
Rx recovered individuals of species x
br transmission rate among reservoir host
biw transmission rate of wild strain among intermediate host
bim transmission rate of human-transmissible strain among intermediate

host
bh transmission rate among humans
cx recovery rate among species x
bx birth rate among species x
mx natural mortality rate among species x
ti transmission rate from reservoir to intermediate hosts
th transmission rate from intermediate hosts to humans
l mutation rate of the pathogen in the intermediate host population

Table 3
The intermediate host (IH) species parameters. Each of the six parameters is
calculated from a simple similarity matrix for each potential IH species (see Table 5).
ri is calculated by considering biological factors affecting the susceptibility of the
species to the pathogen, ji by considering the ecology of the species in question, and
qi by evaluating the typical role the species plays in its natural environment or its use
by humans.

Parameter Definition Meaning Units

rr reservoir
similarity

biological similarity of the IH
to the reservoir species

unitless

rh human
similarity

biological similarity of the IH
to humans

unitless

jr reservoir
contact

contact between IH individual
and reservoir species per day

contacts/day

jh human
contact

contact between IH individual
and humans per day

contacts/day

qr reservoir
risk

risk of pathogen transmission
per contact between IH and
infected reservoir host

infections/contact

qh human
risk

risk of pathogen transmission
per contact between human
and infected IH

infections/contact

Table 4
The transmission parameters defined as functions of intermediate host species
parameters. Note that each transmission parameter has units of infections/day,
although the type of individual and infection varies.

Parameter Function

biw rrbr
bim br
bh rhbiw
ti jrqr

th jhqh

l rhjhqh
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2020; Lau et al., 2005), may harbor SARS-CoV-2 (Xu et al., 2020; Li
et al., 2019), and is at least similar in key biological and behavioral
aspects to the bat reservoir host of MERS, the Egyptian tomb bat T.
perforatus (Yuan et al., 2020). The original intermediate host model
assumed that the transmission and recovery rates (and thus the
reproduction number) of the pathogen in both animal species
was the same. Here, we have revised that assumption to reflect a
pathogen evolving based on the host species in which it finds itself:
the transmission rate of the wild strain of the pathogen, the origi-
nal spillover from the reservoir host, is scaled by a factor of rr , sim-
ulating a pathogen that spreads less easily in a new species. We
assume that once the pathogen evolves to match its new host, it
regains its former transmission rate (bim ¼ br). We have not modi-
fied the recovery rates in the intermediate host species, ciw and cim,
since a similar scaling would cancel in the calculation of R0 ¼ b

c and

produce an effectively unchanged pathogen strain. While we ini-
tially modeled the transmission rate of the pathogen in humans
by scaling bim by a factor of rh, this choice led to SARS and MERS
epidemics with values of R0 higher (4.86 and 1.04) than those seen
in reality. Setting bh ¼ rhbiw ¼ rhrrbr produced epidemics with
smaller and more realistic values of R0, and so we used that formu-
lation. Mathematically, this change occurs because R0, as shown in
Eq. (1) below, can be written in terms of br only, and since
bhbh ¼ rrrhbrbh < rrbrbh, this choice for bh produces lower values
for R0. Biologically, although this framework gives the transmission
rate of the pathogen in humans in terms of the transmission rate of
the wild strain rather than the mutant, the added factor may rep-
3

resent the challenges inherent to adapting to multiple new host
species in a timespan of months.

We assume the transmission rate between species is directly
proportional to both the contact and risk of transmission between
species, and thus define the transmission rates ti and th as the pro-
duct of the contact and risk parameters for the appropriate species
(ti ¼ jrqr and th ¼ jhqh, respectively). Finally, we define the
mutation rate of the pathogen to a human-transmissible form
while circulating in an intermediate host species as directly pro-
portional to the animal host’s similarity to, contact with, and risk
of transmission to humans (l ¼ rhjhqh), since a pathogen already
adapted to a human-like host is more likely to become transmissi-
ble among humans, and intermediate host-human transmission
creates a selective pressure for this mutation to occur. Table 4 sum-
marizes the definitions for each modified transmission parameter.

To calculate the intermediate host species parameters, we
assign a binary score for each of the questions summarized in
Table 5. The questions used in the calculation of similarity involve
the role the intermediate host plays in its ecosystem, as a pathogen
is likelier to succeed in organisms that fill similar niches as its orig-
inal host, as well as whether the given strain of the pathogen (wild
or human-transmissible) can effectively enter and replicate in
intermediate host cells. Those used in the calculation of contact
measure ecological factors, such as whether the intermediate host
shares a natural habitat with bats or humans, whether it is kept
domestically, whether it shares dietary habits with bats or
humans, and whether it shares its time of activity with the popu-
lation of interest. Finally, the similarity scores for risk consider if
a typical contact between an individual intermediate host and a
bat or human involves any of the typical vectors of disease trans-
mission: blood; excrement; bites; saliva, a factor in the spread of
Nipah virus from bats to pigs (Cunningham et al., 2017); enclosed
spaces, in which an airborne virus can more easily spread; or, in
the case of humans, milk (a factor in the spread of MERS from
camels to humans (Omrani et al., 2015)). For example, if the poten-
tial intermediate host species is farmed for fur or food, we assume
most contact with humans involves blood and occurs in an
enclosed space, whereas if it is a wild species, we assume contact
with humans is limited to occasional contamination. Each param-
eter is calculated from the n questions by summing 0:01 as a base-
line level of similarity and 1

n � 0:01 to the total. For example, for rr ,
which is scored from 3 questions, we assume the candidate IH spe-
cies is at least 1% similar to the reservoir species (since they share a
kingdom), and then add 0.33 to the total for each positive answer.
This method assumes that each factor is equally important to the
success of the pathogen and ensures that each parameter takes a
value in the half-open interval (0,1].

To investigate the intermediate hosts of the three coronavirus
epidemics, we searched the literature for investigations into ani-
mal hosts for each pathogen. Potential intermediate hosts for
SARS-CoV-1 were found in Li et al. (2006) and Shi and Hu (2008),
while those for MERS were found in Reusken et al. (2013) and



Table 5
The questions scored for intermediate host (IH) species parameters. The questions are scored both for reservoir-IH interactions and for IH-human ones.

Similarity Contact Risk

does the IH share a niche with bats/humans? does IH share its natural habitat with bats/humans? does contact include blood?
can bat/human pathogen use IH receptor? is the IH wild/domestic? does contact include excrement?
can bat/human pathogen replicate in IH cells? does the IH share dietary habits with bats/humans? does contact include biting?

is the IH active at the same time as bats/humans? does contact include saliva?
does contact take place in enclosed spaces?
does contact include milk? (qh only)

K. Royce Journal of Theoretical Biology 526 (2021) 110761
Omrani et al. (2015). Although an area of active research at the
time of writing, potential intermediate hosts for SARS-CoV-2 were
found in Yuan et al. (2020), Liu et al. (2020a,b,c), Shi et al. (2020), Ji
et al. (2020) and Lam et al. (2020). The similarity matrices for each
simulation were calculated based on the context of the epidemic-
for example, after the 2003 SARS epidemic, palm civets are much
less likely to be farmed, so their contact with humans is less likely
in 2020 than in 2002 (Shi and Hu, 2008)-and the place of emer-
gence, resulting in different intermediate host parameters, even
for the same species, for different epidemics (see the Supplemen-
tary Information for the data for each coronavirus and the code
used to run the simulations). For SARS-CoV-1, we assume
br ¼ 0:25 and cr ¼ 0:14, reflecting a moderately transmissible dis-
ease (Rw

0 ¼ 1:78) in its reservoir host (Chowell et al., 2004). For
MERS, we could not find an explicit source for br , but since bats
transmit betacoronaviruses to individuals of other bat species at
a rate of 0.002 infections per unit time (Latinne et al., 2020), we
assume bats are 40 times more likely to transmit to members of
their own species and thus set br ¼ 0:08. We leave cr unchanged,
resulting in an Rw

0 ¼ 0:57. We then ran the model with a fixed ini-
tial proportion of 10% infected reservoir hosts, matching the equi-
librium proportion of infected wild animals, and simulated the
spread of the pathogen through each intermediate host population.
We implemented a parameter sensitivity analysis for the reservoir
species input parameters (see Table 7), varying a parameter x in
the interval ½0:01;3x� using a step of x

10. The baseline values x for
each parameter are given in the text (for parameters introduced
here) or in Royce and Fu (2020), and the range for each parameter
in Table 7.

The intermediate host species were ranked using an
unweighted average of the maximum proportion of infected
humans and the pathogen’s global R0. We considered the maxi-
mum, rather than equilibrium, proportion of infected humans
because a pathogen that peaks at a higher proportion of infected
humans in its initial spillover population (such as the vendors at
an animal market) has a higher chance of spreading among the
human population generally even if it eventually reaches a lower
equilibrium, and because in all our simulations a higher maximum
proportion of infected humans was correlated with a higher equi-
librium proportion. The global R0, calculated for each potential
intermediate host species using a next-generation matrix, is the
maximum of the basic reproduction of each strain in each species,

R0 ¼ max
brbr

mrðcr þmrÞ ;
biwbi

miðciw þmiÞ ;
bimbi

miðlþ cim þmiÞ ;
bhbh

mhðch þmhÞ
� �

;

ð1Þ

and measures the epidemic spread in humans and animal popula-
tions, where the pathogen is assumed to mutate (see Royce and
Fu, 2020; Van den Driessche and Watmough, 2002). In this frame-
work, R0 directly depends only on the similarity parameters, as
these control the transmission rates. However, other intermediate
host parameters control the speed with which the epidemic spreads
in the intermediate compartment and the rate of mutation, as well
as the initial level of exposure humans face, and thus also affect the
4

epidemic in humans. The global R0 and maximum proportion of
infected humans, in addition to being the traditional measures of
epidemic severity, are positively correlated with other measures
of interest, such as the time to initial spillover to humans, the time
to the epidemic peak in humans, and the equilibrium proportion of
infected humans, although they do not always correspond to the
most severe outbreak in the intermediate host species.
3. Results

We accurately identified palm civets as the most likely interme-
diate host of SARS-CoV-1 and dromedary camels as the most likely
intermediate host of MERS. For SARS-CoV-1, passage through palm
civets produced a pathogen that infected a maximum of 58% of the
human population in 49 days, with an R0 of 2.97. This simulation
matches most estimates for the R0 of SARS-CoV-1 without control
measures, and the epidemic produced by our simulation matches
the epidemic progress in 2003 (Chowell et al., 2004; Banos and
Lacasa, 2007). For MERS, passage through dromedary camels pro-
duced a pathogen that infected a maximum of 26% of the suscep-
tible human population in 56 days from its emergence from the
reservoir host, with an R0 of 0.64. This simulation matches the epi-
demic progress of MERS, which had a human R0 ¼ 0:69 and took
many months to emerge in several independent spillover events
(Reusken et al., 2013; Dudas et al., 2018).

We identified mink (M. lutreola), pangolins (M. pentadactyla),
and ferrets (M. furo), in descending order, as the most likely inter-
mediate hosts of SARS-CoV-2. Passage through mink produced a
pathogen that infected 56% of humans 48 days after initial emer-
gence, while passage through pangolins produced a pathogen that
infected 50% of humans 44 days after emergence. Both simulations
had an R0 of 3.17 in humans, which matches stated ranges for the
reproduction number of SARS-CoV-2 (Liu et al., 2020c; Zhang et al.,
2020). The success of mink as an intermediate host resulted from
the high levels of risk associated with fur farming, while that of
pangolins and ferrets from their noted biological similarity to
humans and bats in the context of infection with SARS-CoV-2 (both
wild and transmissible strains of the virus can replicate and trans-
mit in their cells). All candidate intermediate host species that pro-
duced an epidemic that infected more than 45% of susceptible
humans or had an R0 > 2 are summarized in Table 6. Interestingly,
they are all small carnivores or snakes.

For each of the three epidemic simulations, there were several
clusters of species causing epidemics of similar severity (for exam-
ple, passage through raccoon dogs, ferrets, pangolins, and mink
caused a similar number of infected humans in an almost identical
timespan in the SARS-CoV-2 simulations), so our results may not
definitively identify one particular intermediate host species
absent better data. The rankings our model produces are robust
to a parameter sensitivity analysis for all reservoir species param-
eter inputs br; cr ; br ;mr (Table 7). (Values of br between 0.01 and
0.085 gave an identification of racoon dogs as the most likely inter-
mediate host for SARS-CoV-2; however, these values give an R0 in
the reservoir species of 0.07 to 0.61 and are thus unlikely to match



Table 6
Potential intermediate hosts for SARS-CoV-2 ranked from highest to lowest by severity of epidemic.

Species Final Ih Days to Spillover Maximum Ih Days to Maximum R0 Rank

mink 0.225 23 0.559 48 3.17 29.55
pangolin 0.211 22 0.499 44 3.17 26.52
ferret 0.217 22 0.508 46 2.12 26.48
raccoon dog 0.210 23 0.480 48 2.12 25.06
civet 0.199 24 0.447 45 3.17 23.91
Chinese cobra 0.199 24 0.444 44 3.17 23.79
many-banded krait 0.191 25 0.415 45 3.17 22.34
cat 0.211 26 0.455 58 1.61 23.57
coyote 0.173 24 0.329 51 2.12 17.52

Table 7
Results of a parameter sensitivity analysis for the reservoir species input parameters, showing the most likely intermediate host species and the parameter range that produced
that result (if different than those identified above) or a U if the analysis agreed with our results for all values of the parameter. The possible ranges for br and mr were [0.010,
0.185]; for br , [0.010, 0.735] (SARS and COVID) and [0.010, 0.234] (MERS); and for cr , [0.010,0.416].

Disease br mr br cr

SARS pig [0.119, 0.185] pig [0.010, 0.035] pig [0.385, 0.510], cat [0.535,0.735] pig [0.010, 0.094]
MERS U U U U

COVID U U raccoon dog [0.010, 0.085] U
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real transmission rates.) These results suggest that while the dis-
crepancies between the epidemics produced through passage in
different species may be small in their effect in humans, they are
still meaningful.
4. Discussion

This model correctly identifies the intermediate host species of
SARS-CoV-1 and MERS, showing that it is possible to predict the
intermediate host species of a given pathogen using only a
genus-level identification of the reservoir host, data regarding
pathogen spread in that population, and species data for potential
intermediate hosts. Making the disease transmission parameters
functions of species parameters in a traditional SIR model has been
theorized to allow more accurate modeling of disease dynamics,
and our research supports this theory (Lloyd-Smith et al., 2015;
Allen et al., 2012).

The intermediate host species parameters presented here are
general indicators of similarity, contact, and risk of pathogen trans-
mission between the given intermediate host species and humans
or bats. While a more detailed framework for quantifying the risk
of spillover through each intermediate host species certainly could
be devised, the ease of computing each parameter in this frame-
work, together with the accuracy of its results, suggest that this
model usefully captures the essential details of spillover.

Our results match the two previous coronavirus epidemics in
good detail. Our simulation of SARS-CoV-1 in palm civets matches
the epidemic’s R0 and case burden in humans. In the case of MERS,
our model assumes sustained transmission once the human-
transmissible strain of the pathogen enters the human population,
and thus our simulation achieves a nonzero endemic equilibrium
in humans while MERS did not transmit effectively outside of hos-
pitals and family clusters (Dudas et al., 2018). However, our model
focuses on the initial cases of an emerging zoonosis, as identifying
potential public health threats before they become outbreaks or
epidemics is more useful in the long term than judging severity
based only on outcomes (Royce and Fu, 2020). Thus, we assign
comparatively less importance to the progress of the epidemic
after the pathogen establishes a foothold in humans. Although
our simulations of SARS-CoV-1 and MERS are reasonably accurate,
they may be improved by adding more species-specific reservoir
host data, as our model assumed Rhinopolus bats as the reservoir
host for all three cases. Further, since our reference for the br of
5

MERS in its reservoir population is based on transmission rates
between individuals of different bat species, we suggest a more
detailed inquiry into transmission rates of specific pathogens in
specific reservoir species, rather than among wild bats as a uniform
population. Such analysis could clarify if Rw

0 for MERS is indeed
below the traditional threshold for epidemic success.

Our results for MERS in particular may be subject to the critique
that preexisting knowledge of the intermediate host species’ iden-
tity may have influenced our setup, and it is true that knowledge of
the hypothesized role that camel milk played in the transmission
of MERS led us to include that question in Table 5. However, milk
consumption is a valid possible factor for disease transmission to
humans from a variety of animals, including camels, cows, don-
keys, and goats, and we included these species in our analyses
for all three coronaviruses. We also included the question about
milk consumption in our construction of the similarity matrices
for all three epidemics. Had the consumption of milk been a deter-
mining factor for the identification of camels as intermediate hosts,
we would expect the model to rank other milk-producing species
as higher probable intermediate hosts for the other coronavirus
epidemics. Instead, passage through cattle, which hadmilk produc-
tion as a risk factor for all three diseases, produced a Covid-19
strain with an R0 of 1.26, a MERS strain with an R0 of 0.40, and a
SARS strain with an R0 of 1.26, suggesting that including this
parameter did not unduly weight our analysis.

Our research suggests ferrets, pangolins, and mink as potential
intermediate hosts for SARS-CoV-2; more broadly, it identifies
small mammalian carnivores and carnivorous snakes as species
of interest in its spread. Since in humans and other carnivores,
coronaviruses mainly seem to cause respiratory illnesses, while
in livestock they seem to cause gastrointestinal illnesses (Corman
et al., 2018), this finding matches the observed cross-species pre-
sentation of disease. While this theoretical finding may seem to
conflict with early reports that pangolins served as an intermediate
host species-passage through mink produced an epidemic that
infected 5% more of the human population in a comparable
amount of time-our data support the initial findings of Liu et al.
(2020a). Pangolins lack the ecological similarity to or close contact
with humans that made civets (small carnivores farmed for fur)
and dromedary camels (domestic animals kept for racing and milk)
effective amplifying hosts for SARS-CoV-1 and MERS, and it may be
only an effect of the scrutiny the species faced early in the outbreak
that there is data for pangolin receptivity to SARS-CoV-2 that we
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had to infer for species less tied to the pandemic. If we assume that
SARS-CoV-2 required passage through an intermediate host to
achieve successful adaptation to humans, as both previous coron-
avirus epidemics did, this model suggests probable candidates for
the role of amplifying species independent of early-reporting bias.

The questions that serve as the basis of the similarity matrices
for each intermediate species parameter, as well as the values
assigned to them for each candidate species, can surely be
improved with more detailed surveys of potential intermediate
host species, and we strongly recommend more detailed research
in this area. Further, it is possible that different researchers could
assign different answers to the binary questions that form the
foundation of our similarity matrices; while this possibility may
introduce some subjectivity into the scoring metrics, we feel the
simplicity of use compensates for the possibility of small changes
in scoring. Mathematically, this model raises the question of why
a correlation exists between epidemic severity measures such as
the global R0 and maximum proportion of humans infected, which
are generally regarded as the mathematical determinants of the
intensity of an epidemic, and the time to spillover and maximal
infection and the endemic proportion of humans infected. While
a connection between the two may seem obvious from an epidemi-
ological point of view, there is not an immediate mathematical rea-
son that they should be linked. Further, we would prefer to give the
transmission rate in humans, bh, in terms of bim, and we plan to
research a biological explanation of why the choice bh ¼ rhbiw

matches previous epidemics more exactly. Intriguingly, in our sim-
ulations (see the Supplementary Information), successful epi-
demics in humans seem to fade in the intermediate host species,
which may be a reflection of a successful adaptation to a new host.
We have not accounted for recovered individuals in the reservoir
host population at the beginning of our simulations, reflecting a
lack of data into prevalence of bat coronaviruses as well as indica-
tions that viral outbreaks in the reservoir species may cycle sea-
sonally with births of newly susceptible individuals (Dudas et al.,
2018). Finally, we plan to test this model with other zoonoses that
emerged through an intermediate host, such as Nipah and avian
influenza. With better data, we hope to replicate our success at
identifying intermediate hosts for other emerging infectious
diseases.
5. Conclusion

We have developed a mathematical model that can rank the
likelihood of intermediate host species based solely on species-
level contact parameters for each candidate intermediate host,
and genus-level identification of a reservoir host, using human epi-
demic data as a point of comparison. Here, we show that the model
accurately identifies the intermediate host species of SARS-CoV-1
and MERS, and use it to identify potential intermediate host spe-
cies for SARS-CoV-2. Our results confirm the focus on small carni-
vore species as important hosts in the emergence of pathogens-and
coronaviruses in particular-and offer guidelines for research into
the emergence and control of the current pandemic.

By identifying species through which pathogens emerge rela-
tively easily, as well as those which have some biological or behav-
ioral resistance to emerging infections, epidemiologists can
identify nonmedical interventions helpful in controlling the emer-
gence of zoonoses. Our immediate results surrounding the SARS-
CoV-2 intermediate host are more suitable to providing context
to an ongoing public health emergency, while the theory we
develop provides a solid foundation for future research and reanal-
ysis of previous and ongoing epidemics. Further, this model can
provide insight into pathogens that are endemic in humans but
still evolving in their intermediate host species, such as avian
6

influenza. Our hope is that this theoretical framework can help
predict the intermediate host species of future pathogens with
specific ecological and epidemiological qualities, thus focusing
research and intervention before a pathogen reaches human
populations.
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